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Abstract 51 
1. Human activities have led to widespread ecological decline; however, the severity of 52 
degradation is spatially heterogeneous due to some locations resisting, escaping, or rebounding 53 
from disturbances. 54 
2. We developed a framework for identifying oases within coral reef regions using long-term 55 
monitoring data. We calculated standardised estimates of coral cover (z-scores) to distinguish 56 
sites that deviated positively from regional means. We also used the coefficient of variation (CV) 57 
of coral cover to quantify how oases varied temporally, and to distinguish among types of oases. 58 
We estimated ‘coral calcification capacity’ (CCC), a measure of the coral community’s ability to 59 
produce calcium carbonate structures and tested for an association between this metric and z-60 
scores of coral cover. 61 
3. We illustrated our z-score approach within a modelling framework by extracting z-scores and 62 
CVs from simulated data based on four generalized trajectories of coral cover. We then applied 63 
the approach to time series data from long-term reef monitoring programs in four focal regions in 64 
the Pacific (the main Hawaiian Islands and Mo’orea, French Polynesia) and western Atlantic (the 65 
Florida Keys and St. John, US Virgin Islands). Among the 123 sites analysed, 38 had positive z-66 
scores for median coral cover and were categorised as oases. 67 
4. Synthesis and applications. Our framework provides ecosystem managers with a valuable tool 68 
for conservation by identifying ‘oases’ within degraded areas. By evaluating trajectories of 69 
change in state (e.g., coral cover) among oases, our approach may help in identifying the 70 
mechanisms responsible for spatial variability in ecosystem condition. Increased mechanistic 71 
understanding can guide whether management of a particular location should emphasise 72 
protection, mitigation or restoration. Analysis of the empirical data suggest that the majority of 73 
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our coral reef oases originated by either escaping or resisting disturbances, although some sites 74 
showed a high capacity for recovery, while others were candidates for restoration. Finally, our 75 
measure of reef condition (i.e., median z-scores of coral cover) correlated positively with coral 76 
calcification capacity suggesting that our approach identified oases that are also exceptional for 77 
one critical component of ecological function. 78 
 79 
Keywords: disturbance, recovery, decline, climate change, coral reef, oases, spatial variability, 80 
resilience. 81 
  82 
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Introduction 83 
  84 
Human activities are impacting ecosystems by modifying environmental conditions and natural 85 
disturbance regimes over multiple spatial scales (Haberl et al. 2007; Halpern et al. 2008). As a 86 
result, ecosystems have experienced declines in species abundances, changes in diversity and 87 
compromised ecological function (Hansen et al. 2010; Doney et al. 2012). Marine ecosystems 88 
are no exception. For example, coral cover has declined at three quarters of the reefs monitored 89 
in the Caribbean (Jackson et al. 2014), and an estimated one-third of global mangrove and 90 
seagrass habitat has been lost (Waycott et al. 2009; Richards & Friess 2016). Nonetheless, the 91 
severity of ecosystem degradation is not spatially homogeneous, and it is common to find 92 
locations that remain in, or return to, relatively good condition, despite ongoing disturbances 93 
(Turner & Corlett 1996; Davis et al. 2013). Identifying cases in which individuals or 94 
communities perform better than their neighbours, despite being at equal risk, is common in 95 
public health and medical fields (e.g., Sternin et al. 1997; Hilborn 2007). Similar approaches 96 
have become popular in ecology as they may identify areas that can be prioritised for 97 
conservation, and can provide insights into ecosystem characteristics that confer resilience 98 
(Cinner et al. 2016; O’Leary et al. 2017). 99 
 Most tropical coral reefs are increasingly under threat from local- (e.g., overfishing, 100 
coastal development) or global-scale (e.g., climate change) disturbances (Hughes et al. 2017). In 101 
many cases, impacts are reported as changes in average coral cover summarised across multiple 102 
sites, time periods, and spatial scales (i.e., 100’s - 1000’s km
2
) (e.g., De’ath et al. 2012; Jackson 103 
et al. 2014). Although most regions with coral reefs have recently experienced declines in coral 104 
cover (Hughes et al. 2017), many regional-scale studies reveal individual sites that have not 105 
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declined in coral cover, or those where cover has recovered rapidly (e.g., Idjadi et al. 2006; 106 
Gilmour et al. 2013; Roff et al. 2014; Graham et al. 2015; Guest et al. 2016). Reefs that avoid the 107 
declines in coral cover experienced by their neighbours have been referred to as “oases” (Lirman 108 
et al. 2011) and may represent areas of considerable conservation interest. 109 
 The total cover of living corals is the most widely used metric of coral-reef condition, and 110 
long-term descriptions of this state variable are available from numerous locations worldwide 111 
(e.g., De’ath et al. 2012; Ruzicka et al. 2013; Rodgers et al. 2015; Adam et al. 2015). Large 112 
decreases in coral cover lead to decreased habitat complexity and calcium carbonate production 113 
and consequently a reef’s functional ability to provide habitat and shoreline protection (Perry et 114 
al. 2015). As coral cover is a dynamic state variable that can fluctuate considerably over time 115 
(e.g., Gilmour et al. 2013; Adam et al. 2015), methods to identify ecologically meaningful spatial 116 
variation in reef condition and function are likely to be improved by incorporating a measure of 117 
temporal variability.  118 
Here, we develop a methodological framework for identifying ecosystem oases, using 119 
coral reefs as an example, based on spatio-temporal variability of coral cover. We use the term 120 
“oasis” to describe reef sites that stand out due to their ability to escape, resist, or rebound from 121 
disturbances. First we illustrate this method using simulated data parameterised to represent four 122 
trajectories representing common patterns of temporal change in coral cover observed over the 123 
last three decades (e.g., Idjadi et al. 2006; De’ath et al. 2012; Ruzicka et al. 2013; Jackson et al. 124 
2014; Adam et al. 2015; Guest et al. 2016). We then explore the utility of our method by 125 
identifying potential oasis sites using the percentage cover of live coral measured at 123 reef 126 
sites from four focal regions over decadal time scales. We test the hypothesis that reef oases (as 127 
defined above) have functional significance for the production and maintenance of reef structure 128 
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by evaluating the relationship between standardised coral cover and coral calcification capacity 129 
(CCC). Finally, we evaluate the trajectories of change exhibited by oases and speculate about the 130 
mechanisms underpinning their ability to persist, while neighbouring sites become degraded. Our 131 
goal is to provide a framework that will assist ecosystem managers and conservation biologists to 132 
identify the most (and least) promising sites within ecosystems where long term data are 133 
available. 134 
 135 
Materials and methods 136 
 137 
Defining, quantifying and identifying oases 138 
  139 
We conceptualised an oasis as a site that has exhibited consistently higher coral cover relative to 140 
sites within a defined focal region. A site is defined here as a fixed location at 10 - 100 m
2
 scale 141 
within a reef habitat, depth range, or area of shoreline that has been surveyed over at least a 142 
decade. ‘Consistently’ (as defined here), refers to the proportion of occasions over which coral 143 
cover at each site remained above its regional mean value, with region referring to adjacent reefs 144 
on a scale of 10 -100’s of km. To examine variation in coral cover among sites and identify oases 145 
within focal regions, coral cover was standardized on a z-score scale relative to the mean coral 146 
cover of all sites surveyed within a given year within focal regions. Z-scores are used in a variety 147 
of biological applications to identify how far, and in what direction (positive versus negative), a 148 
measured value deviates from the population mean, and they are expressed in units of standard 149 
deviation (SD) (Wang & Chen 2012). Z-scores for a population have a mean of zero and a SD of 150 
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one and are dimensionless, being obtained by dividing the difference between individual value 151 
(x) and the population mean (µ), by the population SD (σ):  152 
 153 
 =
( −	
)

 
 154 
Where хijt = mean coral cover of site i in region j at year t , µjt = mean coral cover in region j at 155 
year t averaged across sites in that focal region and σjt = the standard deviation of coral cover in 156 
region j at year t, taken across sites in that region. Note that the calculation of z-scores does not 157 
require any assumption about the shape of the underlying distribution of coral cover. 158 
 Z-scores were first calculated for each year at each site, relative to all sites in the region 159 
in that same year. The median z-score for each site was then calculated across all years. Median 160 
z-score, rather than mean z-score, was used to measure a site’s performance, because medians 161 
are less sensitive to anomalous years in which large changes in coral cover occur. Using this 162 
approach, a site can only obtain a high median z-score by having consistently high coral cover, 163 
relative to other sites in the same region.  164 
 We used the coefficient of variation (CV) of coral cover to quantify temporal variation in 165 
coral cover within each site and across years: 166 
 167 
 = ( 
⁄ ) ∗ 100 
  168 
Where σ is the standard deviation for coral cover for each site across years and µ is the mean 169 
coral cover for each site across years. A measure of temporal variability was included because a 170 
variety of coral cover trajectories (e.g., decline followed by recovery, phase shift with no 171 
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recovery, etc.) can potentially produce positive z-scores. Examining CV as well as z-scores, 172 
therefore, provides a method to distinguish between sites that exhibit relatively stable coral cover 173 
over time from sites that oscillate or undergo shifts between high and low coral cover.   174 
 175 
Numerical simulations of coral-cover dynamics 176 
 177 
The simulations were carried out to evaluate a wide range of empirical possibilities and to 178 
capture the behaviour of coral-cover dynamics based on four predetermined model scenarios. 179 
These were considered as representative of trajectories observed from long-term monitoring of 180 
reefs and included: (1) linear trends (i.e., where coral cover declines or increases linearly over 181 
time; e.g., De’ath 2012; Jackson et al. 2014); (2) nonlinear oscillations (i.e., where coral cover 182 
undergoes cycles of decline followed by recovery; e.g., Gilmour 2013; Idjadi 2006); (3) phase 183 
shifts (i.e., where coral cover declines suddenly and remains low; e.g., Hughes et al 2017); and 184 
(4) long-term stability (i.e., where coral cover varies from year to year, but does not increase or 185 
decrease significantly over time; Rodgers et al. 2015; Ruzicka et al. 2013). 186 
 For each scenario, we generated 30 random values for coral cover for a thirty-year time 187 
series. The model parameters were chosen to return values of coral cover between 0 and 65% 188 
with a normal distribution and range that are representative of contemporary coral cover data 189 
from the Caribbean and Indo-West Pacific (e.g., Idajdi et al. 2006; De’ath et al. 2012; Gilmour et 190 
al. 2013; Jackson et al. 2014; Rodgers et al. 2015; Guest et al. 2016). A normal distribution can 191 
generate values that are outside the domain of the response variable (i.e., coral cover values 192 
between 0 and 100%), therefore, when coral cover simulations returned negative values, they 193 
were replaced with zero (coral cover values never exceeded 100% in our simulations). Detailed 194 
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descriptions of the simulation steps, along with the parameter values and statistical distributions 195 
used to initialize the random number generation, are provided in the supporting information 196 
(Appendix 1). After simulating 100 time-series for each scenario, we calculated the median z-197 
score and temporal variability (CV) of coral cover for each simulation and examined the results 198 
graphically (Fig. 1). Photographic examples in Fig. 1A illustrate and compare a typical degraded 199 
site (left photo) with an oasis site (right photo). Each simulation in Fig. 1B is analogous to a 200 
“site” (as defined above) in a single, larger focal region. In Fig. 1B, each point represents the 201 
median z-score (x-axis) and CV (y-axis) for a single simulated time-series. Colours identify the 202 
four trajectories of change that were used to define the simulations. To aid comparison between a 203 
single point in Fig. 1B to its corresponding time-series in Fig. 1C, the plot is divided into cells 204 
representing eight possibilities (1–8) for reef condition (median z-score of coral cover; x-axis) 205 
and temporal stability (CV; y-axis). Cells 1–4 represent the most temporally variable simulated 206 
sites (CV ≥ 50%), and cells 5–8 represent the least temporally variable simulated sites (CV ≤ 207 
51%). In Fig. 1C, coral cover from a single haphazardly selected simulation from each scenario 208 
is plotted against time within each of the eight cells shown in Fig. 1B. The objective of this plot 209 
is to show the trajectories of coral cover that could produce the distribution of scores in Fig. 1B. 210 
 211 
Examination of empirical coral-cover data from four focal regions 212 
  213 
To apply our approach to empirical data, we used public domain, long-term coral cover data 214 
from four focal regions in the Pacific (main Hawaiian Islands and Mo’orea, French Polynesia) 215 
and western Atlantic (Florida Keys and St. John, US Virgin Islands) representing spatial scales 216 
ranging from ~80 to 17,000 km
2 
(Table S1, Guest et al. 2018). We chose focal regions with 217 
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different disturbance regimes because they provided a wide range of benthic change trajectories 218 
upon which to test our framework. Surveys were carried out at fixed sites between 1992 and 219 
2015. Survey durations differed among focal regions and ranged from 11 years at Mo’orea to 24 220 
years at St. John. Multiple fixed sites (defined here as distinct areas of reef surveyed within a 221 
defined reef habitat, depth range, or area of shoreline) were surveyed repeatedly (annually or 222 
every few years) in each focal region. To capture a variety of disturbance events (e.g., El Niño 223 
events, major storms, etc.), only sites with surveys extending over a decade or more and with at 224 
least three surveys during that period were used. Each focal region has experienced disturbances 225 
including overfishing, disease outbreaks, thermal stress, pollution, invasive species, predator 226 
outbreaks and major storms (Edmunds 2002; Jokiel & Brown 2004; Ruzicka et al. 2013; Adam 227 
et al. 2015) (see Appendix 2 for detailed description of disturbance histories for each focal 228 
region). 229 
 For each site, mean coral cover was calculated across all surveyed transects, quadrats or 230 
stations (dependent on the sampling design for each project) within each year. The locations of 231 
fixed quadrats, transects or stations within sites were randomly or haphazardly selected, except 232 
for two sites in St. John (Tektite 1 and Yawzi 1) which were selected based on their high coral 233 
cover in 1987. (See Appendix 3 for descriptions of benthic survey methods for each focal 234 
location). 235 
 Thresholds for determining whether a median z-score is significantly greater than zero 236 
will depend on the particular spatial and temporal distribution of coral cover within the focal 237 
region, therefore, median z-scores suggest how unusual the coral cover is at a given site relative 238 
to the other sites within the same focal region. We identified all sites with positive median z-239 
scores (and thus above-average coral cover in more than half of the sampled years) as potential 240 
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oases. As an additional filter, if a site had been surveyed only three times within the monitoring 241 
period and if that site had declined in coral cover by the end of the study, it was not counted as 242 
an oasis, even if the overall median z-score was positive.   243 
 244 
Examination of the relationship between z-scores for coral cover and coral calcification capacity  245 
  246 
We calculated a scalar estimate of coral calcification capacity (CCC) for 121 of the study sites 247 
(two sites from St. John were omitted because data on coral community structure were not 248 
available) to evaluate whether this metric of ecological function associated with median z-scores 249 
of coral cover. To calculate CCC for each site, calcification rates of reef scleractinian and 250 
hydrozoan (Millepora) taxa were estimated as the product of published skeletal linear-extension 251 
rates, coral densities, and a growth form adjustment factor (sensu Morgan & Kench, 2012). The 252 
growth form adjustment factor accounts for the empty space created by branching, digitate or 253 
columnar morphologies versus massive or encrusting morphologies (Morgan & Kench, 2012) 254 
(Supporting information, Table S2-S4). Direct measures of the 3-dimensional surface area (i.e., 255 
rugosity) were not available for the sites used in present study, therefore coral calcification rates 256 
were multiplied by the planar percentage cover for each coral taxon and for each year of study 257 
following Perry et al. (2012). As a result, the CCC approach used here assumes the reef is a flat, 258 
planar surface, and thus, will underestimate actual calcification capacity. We examined the 259 
relationship between median z-scores for coral cover (dependent variable) and median CCC (Kg 260 
CaCO3 m
-2
 y
-1
) (independent variable) within each region using Model I linear regressions after 261 
testing that residuals in the linear model were normally distributed. 262 
 263 
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Results 264 
  265 
Numerical simulations of coral-cover dynamics 266 
 267 
The scatter plot of median z-score (x-axis) and CV (y-axis) of coral cover for the 400 simulated 268 
sites (Fig. 1A), showed that the stable coral-cover scenario only occurred in the lower row of the 269 
plot (cells 5–8) where CV scores were < 50%. Simulated sites with oscillating or phase-shifted 270 
coral cover also occurred in the cells representing low temporal variability (i.e., cells 5–8) when 271 
the oscillations were less extreme or when a phase shift from high to low coral cover occurred 272 
later in the simulation period (e.g., see Fig. 1B, cells 7 & 8). With the input parameters of our 273 
simulation, we observed no points within the upper right quadrant of our plot, indicating that it 274 
was not possible for a site to be both highly variable and to maintain a high z-score. Simulated 275 
oases (i.e., sites with positive median z-scores for coral cover) were found in cells 4, 7 and 8 276 
(Fig. 1A and B), but the majority had low CVs (<50%) (Fig. 1A & B, cells 7 & 8). However, 277 
there were some oases that had high CVs (>50%) indicative of oscillating and phase-shifted 278 
scenarios (Fig. 1A & B, cell 4). 279 
 280 
Examination of coral-cover data from four focal regions 281 
  282 
Mean coral cover (averaged across sites and within years, ± SE) increased from 17.2 ± 2.1% in 283 
1999 to 27.2 ± 5.8% in 2014 in the main Hawaiian Islands, but it declined from 12.6 ± 1.6% in 284 
1996 to 6.8 ± 0.9% in 2015 in the Florida Keys, from 11.5± 5.1% in 1992 to 8.0 ± 2.0% in 2015 285 
in St. John, and from 34.5% ± 2.3% in 2005 to 18.5 ± 3.3% in 2015 in Mo’orea (Fig. 2, 286 
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Supporting information, Appendix 4). Within each focal region, mean annual coral cover (± SD), 287 
varied among sites (Fig. 2) and ranged from 2.6 ± 1.0% to 84.0 ± 5.4% in the main Hawaiian 288 
Islands, from 8.7 ± 6.1% to 40.7 ± 4.9% in Mo’orea, from 1.0 ± 0.5% to 26.5 ± 2.7% in the 289 
Florida Keys and from 1.4 ± 0.6% to 37.0 ± 6.9% in St. John. Median z-scores of coral cover 290 
ranged from -1.08 to +2.42 for the main Hawaiian Islands, -0.82 to +1.87 for Mo’orea, -0.96 to 291 
+2.50 for the Florida Keys and from -0.81 to +2.63 for St. John (Figs. 3 & 4). 292 
 Among our 123 study sites, thirty-eight (31%) were identified as oases based on positive 293 
median z-scores of coral cover (ranging from +0.02 to +2.63) (Figs. 3, 4). Oases had coral cover 294 
ranging from ~11 to ~84% (Supporting information, Appendix 4, Table S1, Figs. S3–S10). In 295 
general, the empirically defined oases exhibited patterns of temporal change in coral cover 296 
consistent with the simulations. For example, three of the four focal regions (the main Hawaiian 297 
Islands, the Florida Keys and St. John) had a high proportion (≥ 80%) of oases with low 298 
temporal variability (CV ≤ 50%), with Mo’orea being the exception where the majority of oases 299 
(63%) had high temporal variability (CV ≥ 50%) (Fig 4A). The oasis sites with low CV were 300 
typical of the stable and linear-change scenarios described by the simulations. Examples of stable 301 
oasis sites from the empirical data include Molokini 13 in Maui, West Washer Women in the 302 
Florida Keys, and Tektite 1 in St. John (Fig 4B). Overall, only 13% of oases had high temporal 303 
variability (i.e., CV scores ≥ 50%) with mean coral cover values at these sites ranging from ~15 304 
to 31% (Supporting information, Appendix 4, Table S1, Figs. S3–S10). These sites were 305 
characterised by periods of time with coral cover both above and below the average for the 306 
region. In some cases, temporally variable oases underwent declines followed by a marked 307 
recovery, for example site LTER1 Outer 10 in Mo’orea and Moko o Loʻe 2 in Oʻahu, thereby 308 
exhibiting the oscillating scenario in the simulations (Fig. 4B) (Supporting information, 309 
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Appendix 4, Fig S6 & 7). In other cases, oasis sites had relatively high coral cover for long 310 
periods of time followed by rapid decline without recovery, for example Admiral Reef in the 311 
Florida Keys (Fig. 4B) (Supporting information, Appendix 4, Fig. S4, S5), similar to the phase-312 
shift scenario in the simulations. 313 
 314 
Examination of the relationship between coral-cover z-scores and CCC 315 
  316 
Median coral calcification capacity (CCC) (pooled across years) ranged among sites from ~0.2 to 317 
~22.8 Kg CaCO3 m
-2
 y
-1 
for the main Hawaiian Islands, ~0.4 to ~5.4 Kg m
-2
 y
-1 
for Mo’orea, ~0.2 318 
to ~3.5 Kg m
-2
 y
-1 
for the Florida Keys, and ~0.1 to ~1.9 Kg m
-2
 y
-1 
for St. John (Supporting 319 
information, Table S4). Although CCC varied widely between locations, there was a significant 320 
positive relationship between median z-score of coral cover and CCC for all four focal locations 321 
(Fig. 5). Among focal locations, variation in median z-scores of coral cover explained 79 to 87% 322 
of the variation in CCC (Fig 5).  323 
   324 
Discussion 325 
 326 
There are several mechanisms that can allow coral cover to persist at relatively high levels when 327 
disturbances degrade neighbouring reefs. Firstly, oases could exist in a physical setting that is 328 
more likely to escape damage because they are in deeper water, in areas outside of storm tracks 329 
or where upwelling provides cooling (e.g., Riegl et al. 2003). Secondly, oases could possess 330 
biological or ecological characteristics that allow them to resist damage affecting nearby reefs, 331 
for example, because their fauna is acclimatised or adapted to certain disturbance events (e.g., 332 
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Brown & Cossins 2011). Finally, oases may rebound rapidly following disturbances because key 333 
ecological processes remain intact, for example herbivory and coral recruitment (e.g., Gilmour et 334 
al. 2013; Graham et al. 2015). We hypothesise therefore that oases identified using the 335 
framework described here can be characterized based on their coral cover trajectories, 336 
environmental conditions and disturbance histories, as follows: 1) resistant oases that are able to 337 
tolerate disturbances without losing coral cover due to specific traits of the corals at that site; 2) 338 
escape oases that have so far avoided major disturbances observed at neighbouring sites due to 339 
the physical and environmental characteristics of the site; 3) rebound oases that are capable of 340 
recovering rapidly from disturbances due to a range of physical, biological and ecological 341 
processes; and 4) phase-shifted oases, that have high coral cover for long periods of time, but 342 
that have recently declined rapidly. This final category appears counterintuitive, but as we argue 343 
below, some sites that have maintained high cover historically may be targets for restoration 344 
under certain circumstances. Escape and resistant oases are likely to exhibit lower CVs and high 345 
positive median z-scores, whereas rebound and phase-shifted oases are likely to exhibit higher 346 
CVs and lower positive median z-scores. This framework is important from a management 347 
perspective, as it prompts consideration of stability, resistance, or recovery of coral community 348 
structure within a historical context when assigning a measure of quality to individual sites 349 
within ecosystems (Mumby et al. 2014). 350 
 In the present study, potential escape oases include Molokini Crater (Maui, main 351 
Hawaiian Islands) and the Tektite site at 14-m depth in St. John, as both are relatively protected 352 
from storms and experience relatively low levels of land-based influences (Rogers et al. 1991; 353 
Edmunds 2002; Rodgers et al. 2015). Potentially resistant oases include several patch reefs in the 354 
Florida Keys (e.g., West Washer Women, Western Head, Jaap Reef) as they occur in areas with 355 
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high variability in turbidity and temperature that may have favoured higher tolerance to acute 356 
thermal anomalies (Lirman et al. 2011; Ruzicka et al. 2013). Potential rebound oases, include an 357 
outer fore-reef site in Mo’orea at 10-m depth (LTER1 Outer 10 m), as this site had ~47% coral 358 
cover in 2005, <1% in 2010 (due to predation by Acanthaster planci and Cyclone Oli in 2010), 359 
but ~54% in 2015. Similarly, one shallow site (2-m depth) on Oʻahu (Moku o Loʻe, in Kāneʻohe 360 
Bay, main Hawaiian Islands) increased in coral cover from 16% in 2001 to 49% in 2012. 361 
Kāneʻohe Bay has a long history of anthropogenic disturbances, but coral cover appears to 362 
recover when localised disturbances are effectively managed (Bahr et al. 2015). The history of 363 
this site suggests it possesses properties of both resistant and rebound oases. Potential phase 364 
shifted oases include Admiral in the Florida Keys, as this site declined from relatively high to 365 
low coral cover without recovery following a rare cold-water event in 2010 (Lirman et al. 2010). 366 
Considering that this site maintained average coral cover ≥ 21% for at least 15 years prior to 367 
2010, it seems likely that typical environmental conditions there may still be suitable for coral 368 
growth and survival. If so, we suggest that Admiral may be a potentially strong candidate for 369 
targeted coral restoration (e.g., Lirman & Schopmeyer, 2016) (See Fig. 4B for examples of coral 370 
cover trajectories). 371 
There is ample evidence supporting the role of physical and biological drivers in 372 
determining ecosystem state of coral reefs (e.g., Graham et al. 2015). Nonetheless, it is possible 373 
that some oases exist because they have been spared from disturbance by chance alone. These 374 
“lucky” oases differ from escape oases as they do not possess any specific physical 375 
characteristics that reduce the likelihood of being disturbed. If it is the case that ecosystem state 376 
on reefs is determined more by stochasticity than by mechanistic drivers, then conservation 377 
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planning will need to include as wide a range of reefs as possible to mitigate against this 378 
uncertainty (Webster et al 2017). 379 
 While coral cover is an excellent proxy for reef condition, changes in coral cover alone 380 
cannot capture the full spectrum of changes that have negatively affected coral reefs in the last 381 
few decades. For example, shifts in taxonomic community structure also occur following 382 
disturbances and these may result in changes in reef function (Kuffner & Toth 2016). Such 383 
shifts, described as “recovery without resilience”, have been documented on a number of reefs in 384 
the Indo-West Pacific (e.g., Berumen et al. 2006). Both the total cover of corals and community 385 
composition play a role in determining coral calcification capacity (CCC). It is conceivable, 386 
therefore, that a site dominated by slow growing taxa, could exhibit low CCC and vice versa, a 387 
site with lower cover of fast growing taxa could exhibit relatively high CCC. It is encouraging 388 
therefore that the generally higher CCC observed for oases in this study suggests a greater 389 
potential to maintain positive net coral reef-carbonate production relative to their neighbours. It 390 
is worth noting, however, that low rates of CCC for oases in the two Caribbean focal regions 391 
(e.g., max CCC St. John 1.9 kg m
-2
 y
-1
, Florida Keys 3.5 kg m
-2
 y
-1
) suggest that net carbonate 392 
production budgets for these sites may be close to zero once the additional factors, such as 393 
bioerosion, are taken into account (Perry et al. 2012). 394 
 Due to uncertainties about future environmental conditions, non-oasis sites that have 395 
historically performed poorly may improve and some oases will decline if they pass a tipping 396 
point (Hughes et al 2017). We suggest, therefore, that our framework be used within adaptive 397 
networks of protected areas that also consider diversity, connectivity, metapopulation 398 
conservation and risk mitigation (Webster et al. 2017). There is considerable uncertainty about 399 
reef futures due to global change, however, combining detailed disturbance histories with our 400 
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approach could lessen this uncertainty. The presence of oases in some locations does not 401 
advocate complacency about the severity of the crisis facing most of the world’s coral reefs. 402 
Only concerted action to manage human disturbances at a local level and tackle carbon emissions 403 
globally will secure a future for tropical reefs. Nonetheless, we hope that our study will further 404 
efforts to identify similar “oases” in other ecosystems (e.g., tropical forests) and to improve our 405 
understanding of the mechanistic drivers underlying persistence of these sites in the face of 406 
global scale degradation.  407 
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Figure 1. Results of simulations showing outcomes for model scenarios of long-term change in 585 
percent coral cover.  (A) Two photographs from E.A. Shinn’s photographic time series at 586 
Grecian Rocks reef in the Florida Keys. (http://coastal.er.usgs.gov/african_dust/gallery.html), 587 
illustrating degraded and oasis reefs identified in panels B and C. In (B), each point represents 588 
the median z-score (x-axis) and coefficient of variation (y-axis) for a single simulated time-589 
series, with colours representing four scenarios of differing changes in coral cover corresponding 590 
to linear changes, oscillating changes, phase shifts from high- to low- cover, and stable cover 591 
(colours with same coding in B and C). The plot is divided arbitrarily into cells representing 592 
eight possibilities (1–8) for reef condition along a spectrum from degraded to oasis status that 593 
incorporates relative standardised coral cover (z-score) and temporal stability. The plot contains 594 
100 simulations for each scenario. Time series Plots and frequency distributions of z-scores of all 595 
simulations are in Fig. S1 & S2 (Appendix 1). In (C), coral cover from a single haphazardly 596 
selected simulation from each scenario is plotted against time within each of the eight cells 597 
shown in B. The dashed line in each plot is the overall mean coral cover for all simulated sites 598 
across time. See methods and Appendix 1 for a detailed description of how this figure was 599 
derived.  600 
 601 
Figure 2. Long-term changes in coral cover, and within region-among site variation, in: (A) the 602 
main Hawaiian Islands (n = 52 sites, 16 years), (B) Mo’orea (n = 18 sites, 11 years), (C) the 603 
Florida Keys (n = 40 sites, 20 years), and (D) St. John, U.S. Virgin Islands (n = 13 sites, 24 604 
years). Points represent average coral cover of replicate sites surveyed in each year within each 605 
focal region. The fitted lines (LOESS curve) show the smoothed change in coral cover for the 606 
region, while the points show empirical data by site and year, averaged across replicates used in 607 
the original studies (e.g., quadrats, transects, etc.). Note different scales on y-axis and timeline on 608 
the x-axis. 609 
 610 
Figure 3. Maps showing the four focal regions used for the present study: (A) main Hawaiian 611 
Islands, (B) Florida Keys, (C) Mo’orea, French Polynesia, and (D) St. John, US Virgin Islands. 612 
Circles marking sites are colour coded and sized based on their median z-scores, with increasing 613 
diameters of symbols denoting increasing median z-scores. Image credits: Google Earth. 614 
 615 
Figure 4. A) Scatter plot displaying relationships between standardized coral cover (median z-616 
scores) and variability of coral cover (coefficient of variation) for study sites identified as oases 617 
within each focal region for (red circles) main Hawaiian Islands, (blue squares) Mo’orea, (green 618 
triangles) Florida Keys and (blue crosses) St. John, U.S. Virgin Islands (based on data in Fig. 2). 619 
See legend for Fig. 1 for interpretation. B) Shows examples of coral-cover trajectories from 620 
selected oasis sites: 1) Moko o Loʻe 2, 2) LTER1 Outer 10, 3) Admiral, 4) West Washer 621 
Women, 5) Tektite 1 and 6) Molokini 13. Site labels indicate the point in the scatter plot in panel 622 
A for reference. Labels above each site indicate suggested categorisation of each oasis type (see 623 
Discussion for explanation).  624 
 625 
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Figure 5. Scatter plots showing the relationship between median z-scores of coral cover and coral 626 
calcification capacity (CCC) (Kg m
-2
 y
-1
) for study sites within each focal region for (A) main 627 
Hawaiian Islands, (B) Mo’orea, (C) Florida Keys and (D) St. John, U.S. Virgin Islands. Fitted 628 
lines are Model I, least-squares linear regressions for predicted carbonate production. r
2
 values 629 
and significance levels for the relationship are shown for each plot.  630 
 631 
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axis) for a single simulated time-series, with colours representing four scenarios of differing changes in coral 
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Figure 3. Maps showing the four focal regions used for the present study: (A) main Hawaiian Islands, (B) 
Florida Keys, (C) Mo’orea, French Polynesia, and (D) St. John, US Virgin Islands. Circles marking sites are 
colour coded and sized based on their median z-scores, with increasing diameters of symbols denoting 
increasing median z-scores. Image credits: Google Earth.  
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Figure 4. A) Scatter plot displaying relationships between standardized coral cover (median z-scores) and 
variability of coral cover (coefficient of variation) for study sites identified as oases within each focal region 
for (red circles) main Hawaiian Islands, (blue squares) Mo’orea, (green triangles) Florida Keys and (blue 
crosses) St. John, U.S. Virgin Islands (based on data in Fig. 2). See legend for Fig. 1 for interpretation. B) 
Shows examples of coral-cover trajectories from selected oasis sites: 1) Moko o Loʻe 2, 2) LTER1 Outer 10, 
3) Admiral, 4) West Washer Women, 5) Tektite 1 and 6) Molokini 13. Site labels indicate the point in the 
scatter plot in panel A for reference. Labels above each site indicate suggested categorisation of each oasis 
type (see Discussion for explanation).  
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Appendix 1. 
 
The numerical simulations provided a heuristic tool to visualize the relationship between relative state 
and variation in coral cover as measured by median z-scores and temporal variability (CV). The 
simulations were run 400 times with each simulation running for 30 years in a single focal region, 
with reef trajectories representing four scenarios of linear gains or losses, non-linear oscillations, 
phase shifts from higher to lower coral cover and stable coral cover. In contrast, our empirical data 
was limited to between 10 and 23 years over a total of 123 sites in four regions. Therefore, the 
simulations were an important first step in testing our approach before applying it to real data. 
 
Coral cover simulations 
 
We used numerical simulations to evaluate a wide range of empirical possibilities of coral reef 
trajectories. The simulations were intended to capture the behaviour of long-term coral cover 
dynamics based on four predetermined model scenarios considered as representative of trajectories 
observed from long-term monitoring of reefs: (1) linear trends (i.e., where coral cover declines or 
increases linearly; (2) nonlinear oscillations, (3) phase shifts (i.e., where coral cover declines suddenly 
and remains low); and (4) long-term stability (i.e., where coral cover can vary from year to year, but 
does not increase or decrease significantly over time). For each scenario, we generated 30 random 
values for coral cover for a thirty-year time-series. The model parameters were chosen to return 
values of coral cover between 0 and 65%, a range that is representative of contemporary average 
values from the Caribbean and Indo-West Pacific. 
 
Stable 
 
For sites exhibiting stable coral cover () in year , we generated 30 random values about an intercept 
() with variation (), for a thirty-year time-series as follows: 
 
 =  +  = (40,5) | (5,40) 
 = (0.1, 0.5)  = (0, ) 
 
where  is the standard deviation about . The intercept  is chosen from either a normal () or 
uniform distribution (), determined by a fair coin flip. 
 
Phase shift 
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For sites exhibiting a phase shift, a new intercept () and variation () was selected at 
a year chosen randomly between year 10 and year 30 ( ) of a thirty-year time-series as 
follows: 
 
 = ! +  if	 <   +  if	 ≥    = (10,30)  = (1,0.5)  = ( , 0.1)  = (0, ) 
 
where  is the new standard deviation about . The effect of the phase shift is to 
reduce the coral cover to a value chosen uniformly between 1 and half of the original . 
 
Linear trend 
 
For sites exhibiting a linear trend in coral cover, a slope (m) was also selected randomly with 
a thirty-year time series determined by the equation for a line, as follows: 
 
 = ( +  +   = (40,5) | (5,40) 
 = (0.1, 0.5)  = (0, ) ( = (−0.5,0.25) 
 
where  is the standard deviation about . 
 
Oscillations 
 
Finally, we used a cosine curve to simulate oscillations over time: 
 
 = +,-.(2/0 + /,) +  +  + = (15,7.5) 
0 = (40,5) 
, = (0,0.25) 
 = (30,5) | (5,30) 
 
with an amplitude (+), period (0) and horizontal shift (/,). In this equation,  represents the 
vertical shift of the cosine curve. Note that the 23 is 30 instead of 40 as previously, to prevent 
unusually high coral covers due to the oscillations. 
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Fig S1. Time series of 100 simulated trajectories of coral cover from each of four different 
hypothesised coral cover scenarios, i.e., linear change, oscillations, phase shifted and stable.
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Fig. S2. Frequency distributions of z-scores for 400 simulations of coral cover and 123 coral 
reef sites for which long term empirical data are available. 
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Disturbance histories of focal regions 
 
Each of the four focal regions in the present study has experienced a range of anthropogenic 
and natural disturbances, that have influenced their current reef state. The main Hawaiian 
Islands have been modified by human activities since they were first colonised almost 800 
years ago (Kittinger et al 2011), although the scale of modification dramatically increased 
when Europeans arrived in the late 18th century (Bahr et al 2015). In the last 80 years, for 
example, reefs in the main Hawaiian Islands have experienced increased sedimentation from 
coastal land use changes, dredging for shipping channels, introduced and invasive species, 
overfishing and sewage discharge (reviewed in Bahr et al 2015). Coral reefs surrounding 
Moorea have experienced several, well documented, disturbances since 1980 including: an 
outbreak of the corallivorous crown-of-thorns starfish Acanthaster planci (COTS) and 
multiple cyclones (Adam et al. 2011; Adjeroud et al 2009). These disturbance events have 
disproportionately reduced coral cover on the fore reef compared to nearshore fringing reefs 
(Adam et al. 2011) and have led to changes in coral community composition. Coral reefs of 
the Florida Keys have been heavily exploited by humans for at least a century and have 
suffered severe declines in coral cover. Major disturbances include overfishing, urbanization 
leading to disruption of natural water flow, increased pollution, terrestrial runoff and 
recreational use (Ruzicka et al 2013). Marine pandemics have also led to losses of the 
keystone echinoid Diadema antillarum and the framework-building corals Acropora palmata 
and A. cervicornis (Lessios et al. 1984, Aronson & Precht 2001). Reefs in St. John have been 
detrimentally affected by major hurricanes (e.g., Hurricane Hugo in 1989), which caused 
significant physical damage and loss of coral cover and have led to increases in macroalgal 
abundance (Edmunds 2002; Rogers & Miller 2006). Although adjacent to a protected 
watershed and within an MPA, these reefs have been affected by a series of disturbances 
including further storms, thermal stress, diseases, overfishing and sedimentation (Rogers & 
Miller 2006). All of the focal regions have experienced multiple warm-water-induced mass 
coral bleaching events over the last two decades (Jokiel and Brown 2004; Cunning et al. 
2016; Wagner et al. 2010; Penin et al 2007; Gleason 1993). 
 
References 
 
Kittinger, J.N., Pandolfi, J.M., Blodgett, J.H., Hunt, T.L., Jiang, H., Maly, K., McClenachan, 
L.E., Schultz, J.K. and Wilcox, B.A. (2011). Historical reconstruction reveals recovery in 
Hawaiian coral reefs. PLoS One, 6(10), p.e25460. 
 
Bahr, K.D., Jokiel, P.L. and Rodgers, K.S. (2015). The 2014 coral bleaching and freshwater 
flood events in Kāneʻohe Bay, Hawaiʻi. PeerJ, 3, p.e1136. 
 
Adam, T.C., Schmitt, R.J., Holbrook, S.J., Brooks, A.J., Edmunds, P.J., Carpenter, R.C. and 
Bernardi, G. (2011). Herbivory, connectivity, and ecosystem resilience: response of a coral 
reef to a large-scale perturbation. PloS one, 6(8), p.e23717. 
 
Adjeroud, M., Michonneau, F., Edmunds, P.J., Chancerelle, Y., De Loma, T.L., Penin, L., 
Thibaut, L., Vidal-Dupiol, J., Salvat, B. and Galzin, R. (2009). Recurrent disturbances, 
recovery trajectories, and resilience of coral assemblages on a South Central Pacific reef. 
Coral Reefs 28, 775-780. 
 
Page 41 of 79 Journal of Applied Ecology
Ruzicka, R.R., Colella, M.A., Porter, J.W., Morrison, J.M., Kidney, J.A., Brinkhuis, V., 
Lunz, K.S., Macaulay, K.A., Bartlett, L.A., Meyers, M.K. and Colee, J. (2013). Temporal 
changes in benthic assemblages on Florida Keys reefs 11 years after the 1997/1998 El Niño. 
Marine Ecology Progress Series 489, 125-141. 
 
Lessios, H.A., Cubit, J.D., Robertson, D.R., Shulman, M.J., Parker, M.R., Garrity, S.D. and 
Levings, S.C. (1984). Mass mortality of Diadema antillarum on the Caribbean coast of 
Panama. Coral Reefs 3, 173-182. 
 
Aronson, R.B. and Precht, W.F. (2001). White-band disease and the changing face of 
Caribbean coral reefs. In The ecology and etiology of newly emerging marine diseases (pp. 
25-38). Springer Netherlands. 
 
Edmunds, P.J. (2002). Long-term dynamics of coral reefs in St. John, US Virgin Islands. 
Coral Reefs 21, 357-367. 
 
Rogers, C.S. and Miller, J. (2006). Permanent ‘phase shifts’ or reversible declines in coral 
cover? Lack of recovery of two coral reefs in St. John, US Virgin Islands. Marine Ecology 
Progress Series 306, 103-114. 
 
Jokiel, P.L. and Brown, E.K. (2004). Global warming, regional trends and inshore 
environmental conditions influence coral bleaching in Hawaii. Global Change Biology 10, 
1627-1641. 
 
Cunning, R., Ritson-Williams, R. and Gates, R.D. (2016). Patterns of bleaching and recovery 
of Montipora capitata in Kāne ‘ohe Bay, Hawai ‘i, USA. Marine Ecology Progress Series 
551, 131-139. 
 
Wagner, D.E., Kramer, P. and Van Woesik, R. (2010). Species composition, habitat, and 
water quality influence coral bleaching in southern Florida. Marine Ecology Progress Series 
408, 65-78. 
 
Penin, L., Adjeroud, M., Schrimm, M. and Lenihan, H.S. (2007). High spatial variability in 
coral bleaching around Moorea (French Polynesia): patterns across locations and water 
depths. Comptes Rendus Biologies 330, 171-181. 
 
Gleason, M.G. (1993). Effects of disturbance on coral communities: bleaching in Moorea, 
French Polynesia. Coral Reefs 12, 193-201.  
Page 42 of 79Journal of Applied Ecology
Appendix 3. 
 
Benthic survey methods 
 
In all but four cases, sites in the present study were located on different shores, at different 
depths (at least 2 metres) or in different habitats (e.g., protected fringing reef, exposed fore 
reef). The exceptions were four sites in St. John, which were from the same two reefs (Tektite 
and Yawzi Point) but were collected by separate research groups using different survey 
approaches. There were 58 sites in the main Hawaiian Islands, 18 in Mo’orea, 40 in the 
Florida Keys, and 13 in St. John (Main manuscript, Fig. 4). Data for the main Hawaiian 
Islands were collected from 1999 to 2014 as part of the Coral Reef Assessment and 
Monitoring Program (CRAMP) (http://cramp.wcc.hawaii.edu/). Data for Mo’orea were 
collected from 2005-2015 as part of the US National Science Foundation (NSF) Moorea 
Long-Term Ecological Research (MCR-LTER) program (http://mcr.lternet.edu). Data for the 
Florida Keys were collected between 1996 and 2015 as part of the Coral Reef Ecosystem 
Monitoring Program (CREMP) (http://myfwc.com/research/habitat/coral/cremp/). Data for 
St. John were collected from 1992-2015 as part of monitoring projects supported by the 
National Park Service (NPS) and the NSF through their Long-Term Research in 
Environmental Biology (LTREB) program (http://mcr.lternet.edu/vinp/overview/). Each of 
the 52 sites in the main Hawaiian Islands consist of ten fixed 10 m transects along which 20 
randomly selected video frames (each ~ 0.075 m
2
) were surveyed annually or every few 
years. Sites occur in a range of reef habitats (e.g., patch reefs, spur and groove, fringing reefs 
etc.) and vary in depth from 1 to 14 m. In Moorea, the study sites are distributed equally 
among the three shores of the island, and represent three habitats (outer reef 10 m, outer reef 
17 m, and back reef at ~ 3 m depth), which each are sampled at two locations on each shore 
to provide 18 sites. Each site has been surveyed annually from 2005-2015 using 40 fixed 0.5 
× 0.5 m photo-quadrats. In the Florida Keys, sites range in depth from 1 to 22 m and are 
primarily shallow patch reefs or deeper fore reef sites. Each site is surveyed at two to four 
permanent stations that are surveyed using up to three 22.0 × 0.4 m video transects. Of the 40 
sites in the Florida Keys, 32 have been surveyed annually since 1996, with 8 additional sites 
surveyed since 1999 and 2005. Each of the 13 sites in St. John has been surveyed using 
different methods by two separate entities (LTREB and NPS). Eight sites are maintained by 
the LTREB project: Tektite 1 (14 m depth) and Yawzi Point 1 (9 m depth) have been 
surveyed from 1987-2015 using 30 permanent photo-quadrats (1 x 1 m) along three, 10 m 
transects; East Tektite, Cabritte Horn, Europa Bay, Little Lameshur Bay, West Tektite, and 
White Point have been surveyed from 1992-2015 using between 18 and 40, 0.5 × 0.5 m 
photo-quadrats placed randomly along a fixed transect at a constant depth but varying in 
length from 20 m (prior to 2000) to 40 m (2000 onwards). Five sites are maintained by the 
NPS, and each consists of twenty, fixed 10 m video transects that were selected at random 
within survey areas covering ~7000-14,000 m
2
 when surveys began, but have been surveyed 
repeatedly on an annual basis since.  
The framework presented in this paper highlights the importance of rigorously 
gathering data from a wide range of reefs over at least decadal time periods to assess reef 
condition. Our approach required data to be collected from the same locations (i.e., 
permanent transects or quadrats) using consistent methods, with at least three repeated 
sampling occasions carried out over a period of at least a decade. We urge caution however if 
applying this approach to datasets that do not meet the above criteria.  
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Appendix 4. 
Figures showing individual oasis sites  
 
Fig S3. Coral cover of all individual oases from the main Hawaiian Islands. The black line is 
mean coral cover for the site and the red line is overall mean coral cover for the region. Error 
bars show ± SE. 
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 Fig S4. Z-scores and CV for all oasis sites within the main Hawaiian Islands. Points in this 
plot are labelled so that they can be compared to Fig S1.  
Page 45 of 79 Journal of Applied Ecology
 Fig S5. Coral cover of all individual oases from the Florida Keys. The black line is mean 
coral cover for the site and the red line is overall mean coral cover for the region. Error bars 
show ± SE.  
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 Fig S6. Z-scores and CV for all oasis sites within the Florida Keys. Points in this plot are 
labelled so that they can be compared to Fig S3.  
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 Fig S7. Coral cover of all individual oases from Moorea, French Polynesia. The black line is 
mean coral cover for the site and the red line is overall mean coral cover for the region. Error 
bars show ± SE.  
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 Fig S8. Z-scores and CV for all oasis sites within Moorea, French Polynesia. Points in this 
plot are labelled so that they can be compared to Fig S5.  
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 Fig S9. Coral cover of all individual oases from St. John, USVI. The black line is mean coral 
cover for the site and the red line is overall mean coral cover for the region. Error bars show 
± SE.  
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 Fig S10. Z-scores and CV for all oasis sites within St. John, USVI. Points in this plot are 
labelled so that they can be compared to Fig S7.
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Table S1. Data summary of mean coral cover (%), standard deviation of the mean (SD), coefficient of variation of coral cover (CV) for each of 
123 sites in four focal regions over N years of study. The median Z of coral cover and Median CCC are calculated as described in the methods 
and materials of the main paper.  
Focal region Sub location Site name Mean Coral  
Cover (%) 
SD CV  
Coral Cover 
N  
Years 
Median Z  
Coral Cover 
Median  
CCC 
USVI St_John Cabritte 7.07 1.81 26.00 23 -0.3 0.7 
USVI St_John East_Tektite 5.52 1.06 19.00 23 -0.41 0.5 
USVI St_John Europa_Bay 2.12 0.86 40.00 23 -0.74 0.2 
USVI St_John Haulover 13.38 5.08 38.00 13 0.34 1.2 
USVI St_John Little_Lameshur_Bay 1.68 0.8 48.00 23 -0.78 0.1 
USVI St_John Mennebeck 16.21 5.97 37.00 16 0.57 1.4 
USVI St_John Neptunes_Table 1.4 0.6 43.00 23 -0.81 0.1 
USVI St_John Newfound 9.12 4.26 47.00 17 -0.26 0.6 
USVI St_John Tektite_1 36.98 6.91 19.00 24 2.63 1.9 
USVI St_John Tektite_2 13.5 2.85 21.00 11 0.61 0.9 
USVI St_John White_Point 4.29 0.97 23.00 23 -0.49 0.4 
USVI St_John Yawzi_1 14.64 9.34 64.00 24 0.02 0.7 
USVI St_John Yawzi_2 7.12 1.14 16.00 17 -0.23 0.7 
Main Hawaiian Islands Hawaii Kaapuna_10 13.48 3.13 23.24 4 -0.49 2.1 
Main Hawaiian Islands Hawaii Kaapuna_4 11.37 4.04 35.56 3 -0.66 1.0 
Main Hawaiian Islands Hawaii Kawaihae_10 24.87 12.88 51.78 3 0.39 3.2 
Main Hawaiian Islands Hawaii Kawaihae_3 17.5 5.09 29.06 3 -0.14 2.4 
Main Hawaiian Islands Hawaii Laaloa_10 48.73 11.04 22.65 4 0.98 6.9 
Main Hawaiian Islands Hawaii Laaloa_3 38.18 10.81 28.32 4 0.42 4.5 
Main Hawaiian Islands Hawaii Laupahoehoe_10 10.53 3.57 33.89 3 -0.69 1.9 
Main Hawaiian Islands Hawaii Laupahoehoe_3 16.4 8.75 53.36 3 -0.59 1.6 
Main Hawaiian Islands Hawaii Leleiwi_10 25.87 4.7 18.18 3 0.14 3.4 
Main Hawaiian Islands Hawaii Leleiwi_3 16.67 8.35 50.08 3 -0.56 1.9 
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Main Hawaiian Islands Hawaii Nenue_Point_10 23.56 7.14 30.31 5 -0.06 2.9 
Main Hawaiian Islands Hawaii Nenue_Point_5 15.52 7.88 50.78 5 -0.53 1.8 
Main Hawaiian Islands Kauai Hanalei_3 11.47 6.93 60.42 10 -0.77 1.6 
Main Hawaiian Islands Kauai Hanalei_8 28.12 3.45 12.28 10 0.03 7.2 
Main Hawaiian Islands Kauai Hoai_Bay_10 5.65 1.78 31.48 4 -0.88 0.6 
Main Hawaiian Islands Kauai Hoai_Bay_3 13.03 4.06 31.17 4 -0.54 1.4 
Main Hawaiian Islands Kauai Limahuli_1 15.34 5.58 36.39 5 -0.5 2.5 
Main Hawaiian Islands Kauai Limahuli_10 22.64 3.42 15.1 7 -0.08 6.0 
Main Hawaiian Islands Kauai Milolii_10 14.78 1.41 9.55 4 -0.39 3.0 
Main Hawaiian Islands Kauai Milolii_3 4.68 0.93 19.94 4 -0.97 0.8 
Main Hawaiian Islands Kauai Nualolo_Kai_10 20.23 3.36 16.63 4 -0.09 4.4 
Main Hawaiian Islands Kauai Nualolo_Kai_3 3.45 0.83 23.96 4 -1.04 0.7 
Main Hawaiian Islands Maui Honolua_North_3 12.53 4.85 38.71 16 -0.74 1.7 
Main Hawaiian Islands Maui Kahekili_3 38.52 5.85 15.19 15 0.57 6.5 
Main Hawaiian Islands Maui Kahekili_7 27.26 3.7 13.56 14 0 4.5 
Main Hawaiian Islands Maui Kanahena_Bay_1 17.01 3.16 18.56 14 -0.47 3.1 
Main Hawaiian Islands Maui Kanahena_Bay_3 18.25 7.03 38.49 15 -0.28 3.4 
Main Hawaiian Islands Maui Kanahena_Point_10 22.73 10.93 48.09 15 -0.08 3.8 
Main Hawaiian Islands Maui Maalaea_3 14.72 4.81 32.67 14 -0.6 1.9 
Main Hawaiian Islands Maui Maalaea_6 5.46 3.25 59.43 14 -1.03 0.7 
Main Hawaiian Islands Maui Molokini_13 83.9 5.4 6.44 15 2.42 22.8 
Main Hawaiian Islands Maui Molokini_8 65.81 4.69 7.13 15 1.63 14.5 
Main Hawaiian Islands Maui Olowalu_3 19.45 2.76 14.19 16 -0.39 3.6 
Main Hawaiian Islands Maui Olowalu_7 52.18 3.39 6.49 16 1.09 12.2 
Main Hawaiian Islands Maui Puamana_13 4.62 1.03 22.38 16 -0.99 0.6 
Main Hawaiian Islands Maui Puamana_3 13.17 2.92 22.13 14 -0.52 1.7 
Main Hawaiian Islands Molokai Kamalo_10 64.61 5.23 8.1 9 1.45 16.0 
Main Hawaiian Islands Molokai Kamalo_3 60.18 8.07 13.41 9 1.36 15.9 
Main Hawaiian Islands Molokai Kamiloloa_10 5.73 3.23 56.47 8 -0.97 1.7 
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Main Hawaiian Islands Molokai Kamiloloa_3 2.64 0.99 37.53 8 -1.08 0.2 
Main Hawaiian Islands Molokai Palaau_10 65.63 5.58 8.51 9 1.61 14.8 
Main Hawaiian Islands Molokai Palaau_3 28.86 2.11 7.32 9 0.06 5.1 
Main Hawaiian Islands Oahu Heeia_2 33.13 21.7 65.5 6 -0.01 2.5 
Main Hawaiian Islands Oahu Heeia_8 7.18 1.5 20.92 6 -0.82 1.2 
Main Hawaiian Islands Oahu Kaalaea_2 53.97 7.18 13.31 3 1.02 5.4 
Main Hawaiian Islands Oahu Kaalaea_8 7.35 6.01 81.77 2 -0.87 1.6 
Main Hawaiian Islands Oahu Kahe_Point_3 13.26 1.64 12.38 5 -0.45 1.7 
Main Hawaiian Islands Oahu Moku_o_Loe_2 28.38 14.58 51.39 8 0.13 5.7 
Main Hawaiian Islands Oahu Moku_o_Loe_9 7.75 2.37 30.57 8 -0.81 2.2 
Main Hawaiian Islands Oahu Pili_o_Kahe_3 8.34 2.24 26.83 5 -0.7 1.2 
Main Hawaiian Islands Oahu Pupukea_4 11.9 2.33 19.59 4 -0.55 2.1 
Main Hawaiian Islands Oahu Pupukea_8 10.25 2.03 19.84 4 -0.67 1.5 
French Polynesia Moorea LTER1_Fringing 21.55 12.89 59.82 11 -0.21 3.1 
French Polynesia Moorea LTER1_Outer_10 24.84 21.06 84.8 11 0.25 2.3 
French Polynesia Moorea LTER1_Outer_17 17.2 19.29 112.14 11 -0.6 1.0 
French Polynesia Moorea LTER2_Fringing 30.79 17.19 55.83 11 1.22 5.2 
French Polynesia Moorea LTER2_Outer_10 16.84 12.7 75.44 11 -0.51 1.7 
French Polynesia Moorea LTER2_Outer_17 13.07 14.91 114.08 11 -0.72 0.8 
French Polynesia Moorea LTER3_Fringing 14.35 8.48 59.05 11 -0.63 2.6 
French Polynesia Moorea LTER3_Outer_10 12.17 16.11 132.35 11 -0.82 0.5 
French Polynesia Moorea LTER3_Outer_17 10.93 14.17 129.63 11 -0.72 0.4 
French Polynesia Moorea LTER4_Fringing 19.5 6.8 34.86 11 0.31 4.7 
French Polynesia Moorea LTER4_Outer_10 21.57 13.39 62.05 11 0.22 2.7 
French Polynesia Moorea LTER4_Outer_17 14.84 14.43 97.29 11 -0.51 1.3 
French Polynesia Moorea LTER5_Fringing 40.76 4.92 12.06 11 1.87 5.4 
French Polynesia Moorea LTER5_Outer_10 21.52 11.85 55.07 11 0.13 3.5 
French Polynesia Moorea LTER5_Outer_17 17.87 11.82 66.14 11 -0.1 2.0 
French Polynesia Moorea LTER6_Fringing 20.89 3.3 15.82 11 0.45 4.7 
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French Polynesia Moorea LTER6_Outer_10 20.36 14.59 71.64 11 0.26 2.8 
French Polynesia Moorea LTER6_Outer_17 8.73 6.06 69.44 11 -0.73 1.1 
Florida Keys DT Bird_Key_Reef 12.32 3.94 31.98 17 0.49 1.0 
Florida Keys DT Black_Coral_Rock 17.85 3.56 19.94 17 1.35 1.9 
Florida Keys DT Loggerhead_Patch 2.35 0.61 25.93 11 -0.68 0.4 
Florida Keys DT Mayers_Peak 4.02 0.58 14.35 12 -0.47 0.6 
Florida Keys DT Palmata_Patch 6.28 2.54 40.4 12 -0.01 1.5 
Florida Keys DT Prolifera_Patch 17.74 2.72 15.33 12 1.56 3.5 
Florida Keys DT Temptation_Rock 4.46 1.12 25.04 12 -0.4 0.7 
Florida Keys DT White_Shoal 3.39 2.42 71.34 17 -0.71 0.4 
Florida Keys LK Cliff_Green 15.29 2.4 15.68 20 0.95 1.4 
Florida Keys LK Eastern_Sambo_Deep 4.78 1.79 37.44 20 -0.46 0.5 
Florida Keys LK Eastern_Sambo_Shallow 5.87 3.94 67.18 20 -0.42 0.4 
Florida Keys LK Jaap_Reef 20.89 6.64 31.81 20 1.65 1.9 
Florida Keys LK Looe_Key_Deep 4.49 1.55 34.53 20 -0.5 0.6 
Florida Keys LK Looe_Key_Shallow 14.51 1.98 13.67 20 0.86 1.5 
Florida Keys LK Rock_Key_Deep 3.47 1.4 40.55 20 -0.61 0.4 
Florida Keys LK Rock_Key_Shallow 4.09 2.81 68.59 20 -0.61 0.5 
Florida Keys LK Sand_Key_Deep 2.99 1.86 62.32 20 -0.72 0.4 
Florida Keys LK Sand_Key_Shallow 5.96 3.1 51.98 20 -0.38 0.6 
Florida Keys LK West_Washer_Women 26.52 2.72 10.24 20 2.5 2.3 
Florida Keys LK Western_Head 23.8 1.85 7.79 20 2.22 2.2 
Florida Keys LK Western_Sambo_Deep 2.96 2.28 77.05 20 -0.75 0.3 
Florida Keys LK Western_Sambo_Shallow 7.29 5.83 80.03 20 -0.39 0.5 
Florida Keys MK Alligator_Deep 1.42 0.58 40.84 20 -0.91 0.3 
Florida Keys MK Alligator_Shallow 0.96 0.49 50.96 20 -0.96 0.2 
Florida Keys MK Dustan_Rocks 14.62 1.91 13.07 20 0.89 1.3 
Florida Keys MK Sombrero_Deep 2.64 0.83 31.61 20 -0.7 0.3 
Florida Keys MK Sombrero_Shallow 3.9 2.54 65.19 20 -0.62 0.3 
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Florida Keys MK Tennessee_Deep 5.52 1.23 22.3 20 -0.35 0.6 
Florida Keys MK Tennessee_Shallow 2.44 0.71 28.96 20 -0.76 0.4 
Florida Keys MK West_Turtle_Shoal 12.99 1.68 12.96 20 0.65 1.2 
Florida Keys UK Admiral 18.88 12.06 63.9 20 2.2 2.5 
Florida Keys UK Carysfort_Deep 4.5 2.26 50.26 20 -0.54 0.4 
Florida Keys UK Carysfort_Shallow 3.66 2.18 59.56 20 -0.62 0.3 
Florida Keys UK Conch_Deep 3.37 1.29 38.33 20 -0.66 0.4 
Florida Keys UK Conch_Shallow 3.29 1.59 48.39 20 -0.65 0.5 
Florida Keys UK Grecian_Rocks 10.7 2.35 21.96 20 0.33 1.1 
Florida Keys UK Molasses_Deep 2.69 1.02 38.06 20 -0.73 0.5 
Florida Keys UK Molasses_Shallow 5.36 2.22 41.43 20 -0.36 1.2 
Florida Keys UK Porter_Patch 3.29 0.79 23.98 20 -0.6 0.4 
Florida Keys UK Turtle 7.07 1.47 20.82 20 -0.2 0.9 
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Table S2. Calculation of coral calcification capacity (CCC) for Caribbean sites by species. CCC is the product of the adjustment coefficient, 
mean extension and mean density. The adjustment coefficient (based on Morgan & Kench 2012) ranges from 0.2 to 1.0 and takes into account 
the effect of growth form on CCC with more open branching morphologies having a lower coefficient compared to massive or encrusting growth 
forms. Growth forms are based on Veron (2000) as recorded in the Coral Traits database (https://coraltraits.org). Where data on extension and 
density were not available for species we substituted with a similar species using the ReefBudget website as a guide 
(http://geography.exeter.ac.uk/reefbudget/). bo = branching open; bc = branching closed; v = various; l = laminar; e = encrusting; sm = 
submassive; m = massive; d = digitate; col = columnar.  
Coral Species Growth Form Growth Form 
Adjustment 
Coefficient 
Mean Extension 
(cm yr
-1
) 
Mean Density 
(g cm
-3
) 
CCC 
Taxon 
(kg m
-2
 y
-1
) 
Substitutions References 
Acropora cervicornis bo 0.2 11.95 1.96 46.7 
 
29; 19; 39; 
18; 47; 20; 5; 
11 
Acropora palmata bo 0.2 6.62 1.81 24.0 
 
9; 19; 40; 39; 
5; 36; 11 
Acropora prolifera bc 0.2 7.05 1.88 26.6 Density from 
Acropora cervicornis 
and Acropora 
palmata 
9; 19; 40; 39; 
18; 47; 5 
Agaricia spp. v 1.0 0.26 1.82 4.6 Average Adjustment 
Coefficient for 
Agaricia, Extension 
and Density from 
Agaracia agaricites 
42; 27; 26; 
32; 11 
Agaricia agaricites l, e, sm 0.8 0.26 1.82 4.0 
 
42; 27; 26; 
32; 11 
Agaricia fragilis e 1.0 0.26 1.82 4.8 Extension and 
Density from 
Agaracia agaricites 
42; 27; 26; 
32; 11 
Agaricia grahamae l 1.0 0.26 1.82 4.8 Extension and 
Density from 
Agaracia agaricites 
42; 27; 26; 
32; 11 
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Agaricia humilis e 1.0 0.26 1.82 4.8 Extension and 
Density from 
Agaracia agaricites 
42; 27; 26; 
32; 11 
Agaricia lamarcki l 1.0 0.26 1.82 4.8 Extension and 
Density from 
Agaracia agaricites 
42; 27; 26; 
32; 11 
Agaricia tenuifolia l 1.0 0.26 1.82 4.8 Extension and 
Density from 
Agaracia agaricites 
42; 27; 26; 
32; 11 
Agaricia undata e, l 1.0 0.26 1.82 4.8 Extension and 
Density from 
Agaracia agaricites 
42; 27; 26; 
32; 11 
Cladocora arbuscula bc 0.2 1.13 - 5.1 Extension, 
Calcification:  
Oculina varicosa 
37 
Colpophyllia natans e, Massive 1.0 0.75 0.78 5.9 
 
23; 47; 27; 5; 
11 
Dendrogyra cylindrus col 0.5 2.01 1.90 19.1 Density from 
Meandrina 
25; 32 
Dichoenia stokesi e, m 1.0 0.57 2.30 13.2  47; 24; 16 
Diploria labyrinthiformis m 1.0 0.39 1.20 4.6  32; 11 
Eusmilia fastigiata m 1.0 0.70 1.30 9.1  49; 46 
Favia fragum e, m 1.0 0.50 1.03 5.2 Average density 
from:  
C. natans, D. 
labyrinthiformis, 
 M. areolata, P. 
strigosa,  
P. clivosa 
49 
Helioseris cucullata L 1.0 0.26 1.82 4.8 Used average of 
Agaricia fragilis, 
Agaricia humilis, 
Agaricia lamarcki 
42; 27; 26; 
32; 11 
Isophyllia rigida m 1.0 0.28 1.59 4.4 Used average density 49 
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for all Scleractinia in 
table 
Isophyllia sinuosa m 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida; Used average 
density for all 
Scleractinia in table 
49 
Madracis sp. v 0.6 1.98 1.66 19.7 Average adjustment 
coefficient, 
extension, density for 
genus Madracis 
29; 46; 5; 6; 
34 
Madracis auretenra bc 0.2 1.74 1.66 5.8 Madracis mirabilis 46; 5; 6; 34 
Madracis decactis 
complex 
d, e, l 0.8 2.07 1.66 27.5 Madracis asperuda,  
Madracis mirabilis 
29; 46; 5; 6; 
34 
Madracis decactis d, e, l 0.8 2.07 1.66 27.5 Madracis asperuda, 
 Madracis mirabilis 
29; 46; 5; 6; 
34 
Madracis formosa col 0.5 2.07 1.66 17.2 Madracis asperuda,  
Madracis mirabilis 
29; 46; 5; 6; 
34 
Madracis mirabilis bc 0.2 1.74 1.66 5.8  46; 5; 6; 34 
Madracis pharensis e, d 0.7 2.07 1.66 24.1 Madracis asperuda, 
 Madracis mirabilis 
29; 46; 5; 6; 
34 
Madracis senaria e 1.0 2.07 1.66 34.4 Madracis asperuda,  
Madracis mirabilis 
29; 46; 5; 6; 
34 
Manicina areolata m 1.0 0.75 0.78 5.9 Used Colpophyllia 
natans 
23; 47; 27; 5; 
11 
Meandrina jacksoni sm, e, col 0.8 0.12 1.90 1.7 Used Meandrina 
meandrites 
32; 11 
Meandrina meandrites sm, e, col 0.8 0.12 1.90 1.7  32; 11 
Millepora sp. v 1.0 1.24 2.27 28.1 Millepora spp.,  
Density from Pacific 
35; 30; 17; 50 
Millepora alcicornis v 1.0 1.24 2.27 28.1 Millepora spp.,  
Density from Pacific 
35; 30; 17; 50 
Millepora complanata v 1.0 1.24 2.27 28.1 Millepora spp., 
 Density from Pacific 
35; 30; 17; 50 
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Millepora squarosa v 1.0 1.24 2.27 28.1 Millepora spp., 
 Density from Pacific 
35; 30; 17; 50 
Montastraea cavernosa m, e 1.0 0.65 1.67 10.8  38; 11 
Mussa angulosa m, e 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida;  
Used average density 
for all Scleractinia in 
table 
49 
Mycetophyllia spp. m, l, e 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida;  
Used average density 
for all Scleractinia in 
table 
49 
Mycetophyllia aliciae m, l, e 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida; 
 Used average 
density for all 
Scleractinia in table 
49 
Mycetophyllia danaana e 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida;  
Used average density 
for all Scleractinia in 
table 
49 
Mycetophyllia ferox l, e 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida;  
Used average density 
for all Scleractinia in 
table 
49 
Mycetophyllia 
lamarckiana 
e, l 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida;  
Used average density 
for all Scleractinia in 
table 
49 
Mycetophyllia 
lamarckiana complex 
e, l 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida;  
49 
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Used average density 
for all Scleractinia in 
table 
Oculina diffusa bc, bo 0.2 1.13 - 5.1 Extension, 
Calcification:  
Oculina varicosa 
37 
Oculina robusta bo 0.2 1.13 - 5.1 Extension, 
Calcification:  
Oculina varicosa 
37 
Orbicella annularis 
complex 
m, e, col 0.8 0.77 1.63 10.5 
Average of Orbicella 
annularis complex 
29; 19; 1; 3; 
15; 2; 42; 22; 
14; 24; 27; 
44; 26; 43; 
28; 4; 48; 8; 
45; 12; 8; 11 
Orbicella annularis m, e, col 0.8 0.98 1.63 13.3 
 
29; 19; 1; 3; 
15; 2; 42; 22; 
14; 24; 27; 
26; 43; 28; 
48; 8; 45; 8; 
11 
Orbicella faveolata m 1.0 0.83 1.44 12.0 
 
3; 44; 43; 28; 
4; 48; 12 
Orbicella franksi m 1.0 0.50 1.82 9.1  28; 48; 11 
Porites astreoides m, e 1.0 0.38 1.66 6.3 
 
42; 19; 27; 
10; 26; 45; 11 
Porites branneri d 0.4 0.38 1.66 2.5 Used Porites 
astreoides 
42; 19; 27; 
10; 26; 45; 11 
Porites divaricata bc 0.2 3.60 1.18 8.5 Porites porites 29; 42 
Porites furcata bc 0.2 3.20 1.05 6.7  33 
Porites porites bc 0.2 3.60 1.18 8.5  29; 42 
Porites porites complex bc 0.2 3.60 1.18 8.5 Porites porites 29; 42 
Pseudodiploria sp. m 1.0 0.46 1.20 5.5 Average of genus 49; 16; 32 
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Pseudodiploria 
Pseudodiploria clivosa m 1.0 0.48 1.20 5.7 Density from 
 Pseudodiploria 
strigosa 
49; 32 
Pseudodiploria strigosa m 1.0 0.45 1.20 5.3  16; 32 
Scleractinia v 1.0 - - 9.0 Average calcification 
for all Scleractinia in 
table 
 
Scolymia spp. m 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida; 
 Used average 
density for all 
Scleractinia in table 
49 
Scolymia cubensis m 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida; 
 Used average 
density for all 
Scleractinia in table 
49 
Scolymia lacera m 1.0 0.28 1.59 4.4 Extension: Isophyllia 
rigida; 
 Used average 
density for all 
Scleractinia in table 
49 
Siderastrea sp. m, e 1.0 0.33 1.60 5.3 Average of genus 
Siderastrea 
49; 42; 24; 
27; 45; 32; 11 
Siderastrea radians m 1.0 0.20 1.60 3.2 Density from 
Siderastrea siderea 
49; 32 
Siderastrea siderea m, e 1.0 0.46 1.60 7.4 
 
49; 42; 24; 
27; 45; 32; 11 
Solenastrea sp. m, sm 0.8 0.52 1.58 6.2 Average of genus 
Solenastrea 
31; 41 
Solenastrea bournoni m 1.0 0.89 1.59 14.1 Used average density 
for all Scleractinia in 
table 
41 
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Solenastrea hyades sm 0.5 0.15 1.59 1.2 Used average density 
for all Scleractinia in 
table 
31 
Stephanocoenia 
intersepta 
m, e 1.0 0.34 1.59 5.4 Used average density 
for all Scleractinia in 
table 
31; 24 
Tubastrea aurea m 1.0 0.12 1.21 1.4 Used Balonophyllia 
europaea from 
Mediterranean Sea 
21 
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Table S3. Calculation of coral calcification capacity (CCC) for Moorea sites by genus. Perry & Morgan (2017) was used for substitutions where 
necessary. M = massive; sm = submassive; b = branching; p = plating; c = corymbose; e = encrusting; col =  columnar; f = foliose; d = digitate; l 
= laminar.  
Coral Species Growth 
Form 
Growth  
Form  
Adjustment  
Coefficient 
Mean 
Extension 
(cm yr
-1
) 
Mean 
Density 
(g cm
-3
) 
CCC 
Taxon 
(kg m
-2
 y
-1
) 
Substititions References 
Acanthastrea m, sm 0.8 1.50 1.37 15.4 Used Lobophyllia 42 
Acropora b, p, c 0.3 5.85 1.32 20.6 - 3; 4; 5; 11; 15; 
25; 26; 28; 31; 
33; 35; 36; 37; 
39; 41; 42; 45; 
51 
Astreopora e, m 1.0 1.03 1.48 15.2 - 6; 42  
Cyphastrea col, e, m 0.8 0.53 1.36 6.0 Used Faviidae density  
(excluding Fungia) 
26; 40; 42; 1;  
27 
Danafungia m 1.0 0.73 1.99 14.5 Used family Fungiidae 28; 31; 35 
Dipsastrea e, m 1.0 0.62 1.35 8.4 Used Favia 6; 26; 27; 42 
Fungiidae m 1.0 0.73 1.99 14.5 - 28; 31; 35 
Gardineroseris m 1.0 0.99 1.63 16.1 Used Gardineroseris planulata 20; 24; 32 
Herpolitha m 1.0 1.00 1.99 19.9 Used Herpolitha limax,  
Fungiidae density 
6, 35 
Leptastrea e, m 1.0 0.62 1.35 8.4 - 35 
Leptoseris e, f, p 0.5 1.67 1.73 13.5 - 39 
Lithophyllon m 1.0 0.73 1.99 14.5 Used family Fungiidae 28; 31; 35 
Lobactis m 1.0 0.73 1.99 14.5 Used family Fungiidae 28; 31; 35 
Lobophyllia e, m 1.0 1.50 1.37 20.6 - 42 
Millepora e 1.0 1.85 0.93 17.2 - 28 
Montipora e, l, d 0.8 2.60 1.23 25.6 Montipora average 22; 28; 4; 14;  
39; 45; 42 
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Pachyseris e 1.0 1.20 1.73 20.7 Use average for Agariicidae 24; 28; 32; 39; 
42; 50 
Pavona l, e, sm 0.8 1.37 1.73 19.7 - 28; 32; 42; 24; 
39; 50 
Phymastrea col, e, m 0.8 0.26 1.36 2.9 Montastrea, density  
average for Faviidae 
26; 1; 27; 42 
Plesiastrea m 1.0 0.41 1.99 8.2 Plesiastrea versipora,  
density average for Faviidae 
7; 1; 27; 42 
Pleuractis m 1.0 0.40 1.99 8.0 Pleuractis granulosa, 
 density average for Fungiidae 
10; 35 
Pocillopora b 0.2 2.84 1.40 8.0 - 6; 15; 17; 19;  
24; 26; 28; 35;  
36; 42; 48; 50 
Porites m, b, col 0.6 1.50 1.38 11.7 - 1; 2; 6; 8; 
9; 12; 13; 14;  
16; 18; 22; 23; 
24; 26; 27; 28;  
29; 30; 34; 35;  
36; 42; 43; 44; 
49  
Porites spp 
(Massive) 
m 1.0 1.17 1.37 16.0 - 2; 6; 8; 9;  
12; 13; 18; 22;  
23; 24; 26; 27; 
28; 29; 30; 34;  
35; 42; 43; 44;  
49  
Porites irregularis d 0.4 2.51 1.45 14.6 Actually Porites rus,  
density from Porites cylindrica 
16; 35 
Porites rus d 0.4 2.51 1.45 14.6 Density from Porites 
cylindrica 
16, 35 
Psammocora e, m, p 0.7 1.01 1.41 10.4 Average density from  
Perry & Morgan (2017) 
24; 40; 6; 38 
Sandolitha m 1.0 0.73 1.99 14.5 Used Fungiidae 28; 31; 35 
Stylocoeniella e, d 0.7 2.84 1.40 27.8 Used Pocillopora (Veron 6; 15; 17; 19; 
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1986) 24; 26; 28; 35;  
36; 42; 48; 50 
Tubastrea aurea m 1.0 0.12 1.21 1.4 Used Balonophyllia europaea  
from Mediterranean Sea 
21 
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Table S4. Calculation of coral calcification capacity (CCC) for main Hawaiian Islands sites by species. Perry & Morgan (2017) was used for 
substitutions where necessary. M = massive; sm = submassive; b = branching; bc = branching closed; e = encrusting; d = digitate; l = laminar. 
Coral Species Growth 
Form 
Growth  
Form  
Adjustment  
Coefficient 
Mean 
Extension 
(cm yr
-1
) 
Mean 
Density 
(g cm
-3
) 
CCC 
Taxon 
(kg m
-2
 
y
-1
) 
Substititions References 
Cyphastrea 
ocellina 
m 1.0 0.42 1.36 5.7 Used Faviidae density 26; 1; 14; 27 
Fungia scutaria m 1.0 0.73 1.99 14.5 Fungia average 15; 18; 24 
Leptastrea bottae e 1.0 0.18 1.63 3.1 Leptastrea purpurea 24 
Leptastrea 
purpurea 
e 1.0 0.18 1.63 3.1 - 24 
Leptoseris 
incrustans 
e 1.0 1.67 1.73 28.8 - 25 
Montipora capitata e 1.0 2.28 1.23 28.0 Average density for all available 
Montipora 
6; 3; 27 
Montipora 
flabellata 
l 1.0 2.28 1.23 28.0 Montipora capitata 6; 3; 27 
Montipora patula l 1.0 2.28 1.23 28.0 Montipora capitata 6; 3; 27 
Montipora studeri e 1.0 2.28 1.23 28.0 Montipora capitata 6; 3; 27 
Pavona duerdeni m 1.0 1.10 1.73 18.9 Agariciidae density 15; 24; 27 
Pavona 
maldivensis 
e 1.0 1.21 1.73 20.8 Agariciidae density 15; 24; 27 
Pavona varians e 1.0 0.37 1.97 7.3 - 24 
Pocillopora 
damicornis 
bc 0.2 2.83 1.40 7.9 Branching Pocillopora density 7; 10; 12; 13; 24; 31; 
30; 27 
Pocillopora 
eydouxi 
b 0.2 4.46 1.40 12.5 Branching Pocillopora density 15; 4; 27 
Pocillopora 
ligulata 
bc 0.2 1.45 1.40 4.1 Branching Pocillopora density 9; 27 
Pocillopora 
meandrina 
bc 0.2 1.87 1.42 5.3 - 24 
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Porites brighami sm 0.5 0.72 1.19 4.3 Porites solida 17 
Porites bernardi d 0.4 0.72 1.19 3.4 Porites solida 17 
Porites compressa b 0.2 2.97 1.45 8.6 Density from Porites cylindrica 6; 11; 1; 24 
Porites lobata m 1.0 1.05 1.39 14.6 - 12; 15; 16; 24; 24; 28; 
11 
Porites lutea m 1.0 1.22 1.28 15.7 - 2; 5; 14; 15; 24 
Porites 
monticulosa 
e 1.0 2.51 1.45 36.4 Porites rus 8; 1; 24 
Porites rus d 0.4 2.51 1.45 14.6 Density from Porites cylindrica 8; 1; 24 
Psammocora 
nierstraszi 
m 1.0 0.57 1.41 8.0 Psammocora stellata 9; 24 
Psammocora 
stellata 
m 1.0 0.57 1.41 8.0 Average Density from Perry & 
Morgan (2017) 
9; 24 
Psammocora 
verrilli 
m 1.0 0.57 1.41 8.0 Psammocora stellata 9; 24 
Unkown Coral - 0.8 - - 14.1 Average calcification for all corals in 
table 
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